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Abstract

The concept of adefault mode of brain function arose out of afocused need to explain
the gppearance of activity decreasesin functiond neuroimaging data when the control
state was passive visud fixation or eyes closed resting. The problem was particularly
compelling because these activity decreases were remarkably consistent across awide
variety of task conditions. Using PET, we determined that these activity decreases did not
arise from activaionsin the resting state. Hence, their presence implied the existence of a
default mode. While the unique congtellation of brain areas provoking this analyss has
come to be known as the default system, al areas of the brain have a high leve of
organized default functiond activity. Most criticdly, this work has called attention to the
importance of intrinsic functiond activity in assessing brain behavior rdationships.



“ A science of the mind must reduce ... complexities (of behavior) to their
elements. A science of the brain must point out the functions of its elements. A science of
the relations of mind and brain must show how the elementary ingredients of the former
correspond to the elementary functions of the latter.” William James (James 1890)*

“ ...physiology and psychology, instead of prosecuting their studies, as some now
recommend, more strictly apart one from another than at present, will find it serviceable
for each to give to the results achieved by the other even closer heed than has been
customary hitherto.” Sir Charles Sherrington (Sherrington 1906)?

“ Confusion springs from a failure to distinguish between psychological,
physiological and anatomical accounts.” The Rt. Hon. Lord Brain (Brain 1961)

Five years have now € gpsed since the publication of our paper ‘A Default Mode
of Brain Function’ (Raichle, MacLeod et d. 2001). That paper and those that followed
(Gusnard and Raichle 2001; Raichle and Gusnard 2002; Raichle and Gusnard 2005;
Raichle 2006; Raichle and Mintun 2006) have generated far more interest, discussion and
controversy than we anticipated. In particular, it has recently been suggested thet the very
notion of adefault mode of brain function has no utility (Morcom and Hetcher 2006).
Our objective here is to summarize the evidence that persuades us of the opposite
perspective, which isthat understanding how the brain works criticaly depends on the
gudy of it'sintrindc activity (i.e,, activity not directly related to identifiable sensory or
motor events), including that present in the default mode.

Some of the controversy may, in part, be attributable to imprecise nomenclature.
In functional neuroimaging, certain termslike “ret”, “activation”, “deactivation”,
“control sate” and “basding’ arein current usage despite the fact thet they are
potentialy mideading with respect to the concepts they are intended to describe (see
(Raichle and Mintun 2006) for amore extended discussion). We hope that our
operationd definitions of these terms will be clarified by what follows.

Difficulty also arises because the field of neuroscience is rgpidly expanding.
Neuroscientists now are obliged to understand not only the concepts and strategies of
cognitive psychology but dso awide array of behaviord disciplines covered under the
rubric of social neuroscience (e.g., see (Cacioppo, Berntson et al. 2002; Cacioppo, Visser
et d. 2006)). At the sametime, behaviord scientistsinterested in relating their work to
the brain are confronted by a rapidly increasing body of knowledge concerning the
physiologicd correlates of functiona neuroimaging sgnals (Logothetis, Pauls et d. 2001,
Attwell and ladecola 2002; Lauritzen 2005). Understanding thiswork depends on
complex concepts not only from neurophysiology but also from theoretical neuroscience

1 Volume 2, page 103
2 Page 387 in the 1906 book or page 385 in the Y ale Paperbound issued in 1961



(Olshausen and Field 2005), cdl biology (Attwell and Laughlin 2001; Pellerin and
Magidtretti 2003; Lauritzen 2005) and even genetics (Pezawas, Meyer-Lindenberg et dl.
2005). Itiseasy to understand how investigators at dl levels occasonaly fed asense of
unease in dedling comprehengvely with thisagenda. Under such circumstances, it is
tempting to retrest into the narrow confines of one's own area of expertise. llludrativein
this regard is the opinion that “the suggested link between the processing taking place at
rest and its physiology is one that can have no direct relevance for neuroimaging”
(Morcom and Hetcher 2006). This statement arguably istrue if one' s experimenta
horizons are limited to conventional functiona neuroimaging. We believe, however, that
such afinite agenda will eventualy be exhausted if not nourished by a broader
congderation and understanding of the rdevant physiology.

Intellectud tenson between the psychologica and physiologica perspectives of
brain function is a recurrent theme. Readers who were engaged by the quotations at the
head of our article may wish to consult the late Dondd O. Hebb's essay, “Alicein
Wonderland or Psychology Among the Biologica Sciences’ (Hebb 1965). Addressing
his fellow psychologists, Hebb wrote,

“The clinical neurologist complains that psychologists are complicating the
problem of aphasia; the neurosurgeon does not under stand what the objections are to
localizing a stuff called consciousness or memory or something else in this part of the
brain or that. For their part, psychologiststoo often fail to keep themselves informed
about what goes on in the neurological field and, in defense of such ignorance, too often
deny that it has any relevance for their work —a position so preposterous and
indefensible that it is hard to attack” .

Findly, there is another reason for difficulty and thet liesin adifferencein
perspective regarding one's view of brain function. One view positsthat the brainis
primarily reflexive, driven by the momentary demands of the environment. The other
view isthat the brain’s operations are mainly intrinsic involving the maintenance of
information for interpreting, responding to and even predicting environmental demands.
The former has motivated most neuroscience research including that with functiona
neuroimaging. Thisislikey the case because experiments designed to measure brain
responses to controlled stimuli and carefully designed tasks can be rigoroudy controlled
wheress evaudting the behaviord rdevance of intringc brain activity can be an illusve
enterprise.

The hypothesis thet intringic activity is critica to brain function and behavior can
be traced back over two millennia

“ The fact that the body is lying down is no reason for supposing that the mind is
at peace. Restis...far fromrestful.” Seneca® (Seneca~60 A.D. (1969))

“...though all our knowledge begins with experience, it by no means follows that
all arisesout of experience. For, on the contrary, it is quite possible that our empirical
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knowledge is a compound of that which we receive through impressions, and that which
the faculty of cognition supplies fromitself...” Immanud Kant (Kant 1781 (2004))

“ Enough has now been said to prove the general law of perception, which isthis,
that whilst part of what we perceive comes through our senses from the object before us,
another part (and it may be the larger part) always comes (in Lazarus's phrase) out of
our own head.” William James (James 1890)*

“This concept, that the significance of incoming sensory information depends on
the pre-existing functional disposition of the brain, is a far deeper issue than one gathers
at first glance...” Rodolfo Llinas (Llines 2001)°

Functiond neuroimaging began with studies of the brain's responses to carefully
controlled sensory, cognitive and motor events (Posner and Raichle 1994). Such
experiments fit well with the view of the brain as driven by the momentary environmental
demands. More recently, advancesin our understanding of brain function derived from
neurophysiology (Buzsaki 2006) as well as neuroimaging (Raichle 2006; Raichle and
Mintun 2006) have provoked us to reassess the importance of ongoing or, intrinsc
activity. The concept of a default mode of brain function (Raichle, MacLeod et d. 2001)
was our introduction to this aternative perspective.

We present below a brief history of how the idea of a default mode of brain
function arose and how it has led us to consider the importance of the brain’sintringc
activity. For more detailed discussons of the relevant physiology, cdl biology, loca
circulation and metabolism (brain work) as they relate to neuroimaging we refer readers
to our recent comprehensive review of these matters (Raichle and Mintun 2006). For a
comprehensive review of spontaneous neuron activity itsalf we recommend the recent
book by Gyorgy Buzsaki (Buzsaki 2006).

TheHistory of a Problem

By the early 1980's PET began to receive serious attention as a potential
functiond neuroimaging device in human subjects. (For a detailed historica account see
(Raichle 2000)). The study of human cognition with neuroimaging was aided greetly by
the involvement of cognitive psychologists in the 1980’ s whose experimental Strategies
for dissecting human behaviorsfit well with the emerging capabilities of functiond brain
imaging (Posner & Raichle, 1994). Subtracting functiond images acquired in atask Sate
from ones acquired in a control state was a natural extenson of mental chronometry
(Posner 1986) in which one measures the time required to complete specific menta
operations isolated by the careful selection of task and control states. This gpproach, in
various forms, has dominated the cognitive neuroscience agenda ever snce with
remarkably productive results.

For the better part of a decade following the introduction of subtractive
methodology to neuroimaging, the vast mgority of changes reported in the literature

“ Volume 1, page 28.
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were activity increases or activations as they were dmost universdly cdled. Activity

increases but not decreases are expected in subtractions of a control condition from atask
condition as long as the assumption of pure insertion isvdid. Toillustrate, using an

example based on mental chronometry, say that one’s control task requires akey pressto asimple
stimulus such as the appearance of a point of light in the visua field, whereas the task state of
interest requires a decision about the color of the light prior to the key press. Assuming pure
insertion, the response latency difference between conditions is interpretable as the time needed

to perform a color discrimination. However, the time needed to press a key might be affected by
the nature of the decision process itself, violating the assumption of pure insertion. More
generally, the brain state underlying any action could have been altered by the introduction of an
additional process. Interestingly, functional neuroimaging helped address the question of pure
insertion by employing the device of reverse subtraction. Thus, in certain circumstances
subtracting task state data from control state data revealed negative responses, or task-specific
deactivations (for examples and further discussion of this interesting issue see (Raichle, Fiez et al.
1994; Petersen, van Mier et a. 1998; Raichle 1998). It was clearly shown, just as psychologists
had suspected, that processes active in a control state could be modified when paired with a
particular task. However, none of this work prepared us for nor anticipated “the problem”.

‘The problem,” aswe now think of it, arose unexpectedly when we noted, quite by
accident, that activity decreases were present in our subtraction images even when the
control state was either visud fixation or eyes closed rest. What particularly caught our
attention was the fact that, regardless of the task under investigation, the activity
decreases dmost dways included the posterior cingulate and adjacent precuneus, aregion
we nicknamed MMPA for ‘medid mystery parietd areal.

The firgt forma characterization of task-induced activity decreases (Shulman,
Fez et d. 1997) generated a set of iconic images (Figur e 1A) whose unique identity was
amply confirmed in later meta-andyses by Jeffery Binder and colleagues at the Medica
College of Wisconsn (Binder, Frost et d. 1999) and Bernard Mazoyer and his colleagues
(Mazoyer, Zago et d. 2001) in France. Similar observations are now an everyday
occurrence in laboratories throughout the world leaving little doubt that a specific set of
brain areas decrease their activity across aremarkably wide array of task conditions when
compared to apassive control condition such as visud fixation.

The finding of anetwork of brain areas frequently seen to decrease its activity
during god directed tasks (Figure 1A) was both surprisng and chalenging. Surprising
because the areas involved had not previoudy been recognized as a syslem in the same
way we might think of the motor or visud sysem. And, chalenging becauseinitidly it
was unclear how to characterize their activity in a passive or resting condition.

For usthe issue of characterizing activity decreases came to ahead in 1998 when
a paper we were attempting to publish was rejected because of the way in which we
characterized activity changes of the type seenin Figure 1A°. One of the referees wrote,
“Thisisthe most controversa aspect of this paper asit (1) cannot be ruled out that these
sgnd changes are actud activationsin the so-cdled resting state and (2) the

® The study, never published, was a comparison of PET and fMRI.



physiologicad mechani;ms underpinning agenuine BOLD sgnd decreasereman a

matter of speculation” .

It was clear that we needed away to determine whether or not task-induced
activity decreases were Smply ‘activations' present in the absence of an externdly-
directed task and why they should gppear in both PET and fMRI functiona neuroimaging
dudies. Inwrestling with these difficult issues two things came to mind thet, together,
we fdlt offered us an opportunity to move forwarcf.

First, the manner in which functiona neuroimaging was moving forward with
fMRI carried with it a physologica definition of activation that could be measured with
PET. Thisdefinition arose from quantitative circulatory and metabolic PET studies
demondtrating that when brain activity increases transiently above aresting state, blood
flow increases more than oxygen consumption (Fox and Raichle 1986; Fox, Raichleet d.
1988). Asareault the amount of oxygen in blood increases localy astheratio of oxygen
consumed to oxygen ddlivered fdls. Thisratio is known as the oxygen extraction fraction
or the OEF. Activation can then be defined physiologicaly as atransent local decrease
in the oxygen extraction or, if you like, atrandent increase in oxygen availahility.

The practical consequence of this observation wasto lay the physiologica
groundwork for functional MRI using blood oxygen level dependent or BOL D contrast
(i.e, MRI is sengtive to the level of blood oxygenation (Thulborn, Waterton et d. 1982,
Ogawa, Leeet d. 1990; Kwong, Beliveau et d. 1992; Ogawa, Tank et d. 1992)). Using
this quantitative definition of activation we asked whether *activations were presentin a
passve sate such as visud fixation or eyes closed rest. But activation must be defined
relaive to something. How was that to be accomplished if there was no ‘ control’ state
for eyes closed rest or visud fixation?

The definition of a control state for eyes closed rest or visud fixation arose from a
second critica piece of physiologica information. Researchers using PET for the
quantitative measurement of brain oxygen consumption and blood flow had long
appreciated the fact that, across the entire brain, blood flow and oxygen consumption are
closely matched when one liesin a PET scanner with eyes closed resting or during visud
fixation (see (Lebrun-Grandie, Baron et d. 1983) for one of the earliest references; dso
(Raichle, MacLeod et d. 2001)). Thisis observed despite a nearly 4-fold differencein
oxygen consumption and blood flow between gray and white maiter and variationsin
both measurements of greater than 30% within gray matter itsdf. Asaresult of thisclose
matching of blood flow and oxygen consumption at rest, the OEF is srikingly uniform
throughout the brain.  Thiswell-established observation led us to the hypothesis thet if
this observation (a uniform OEF at rest) was correct then activations, as defined above,
were likely absent in the resting state (Raichle, MacLeod et d. 2001). We decided to test
this hypothess.

" Such aresponse was not surprising given the work with reverse subtractionsin dealing with the
assumption of pure insertion.

8 What followsis abrief synopsis of complex physiological observations. For readersinterested in more
details we recommend our recent review dealing in depth with this subject (Raichle and Mintun, 2006).



Using PET to quantitatively assess regionad OEF, we examined two groups of
norma subjectsin the resting state and initially confined our analyss to those aress of the
brain frequently exhibiting the aforementioned imaging signd decreases (FigurelA). In
this analysis we found no evidence that these areas were activated in the resting state; that
is, the average OEF in these areas did not differ sgnificantly from other areas of the
brain. We concluded that the regiona decreases, observed commonly during task
performance, represented the presence of functionality that was ongoing (i.e., sustained
as contrasted to transiently activated® in the resting state and attenuated only when
resources were temporarily redllocated during goa-directed behaviors, hence our origina
designation of them as default functions (Raichle, MacLeod et d. 2001). Thus, from a
metabolic/physiologic perspective, these areas (Figure 1A) could not be distinguished
from other areas of the brain in the resting State.

After performing the above andysis (Raichle, MacLeod et a. 2001) on the
aforementioned areas (Figure 1A), we searched our data for any other areas that might
exhibit evidence of activation in the resting state and found none (Raichle, MacLeod et
d. 2001)'°. This observation isimportant in suggesting that aspects of the brain's
intringc functiondity are not confined to those areas that we designated as a default
network (Figure 1A) and is consstent with the observation that activity decreases do
occur in other areas of the brain in amore task specific manner (Drevets, Burton et d.
1995; Kawashima, O'Sullivan et d. 1995; Ghatan, Hseh et a. 1998; Somers, Ddeet d.
1999; lSlrnith, Singh et d. 2000; Amedi, Mdach et d. 2005; Shmud, Augath et d.
2006)"".

The importance of usng PET rather than fMRI to define a physiologic basdine
gtate of the brain needs to be emphasized. Our work was critically dependent on the
ability of PET to provide absolute, quantitative and reproduci ble measurements of
regiona blood flow and axygen consumption in the human brain. PET is uniquely suited
to do so, operating asit does with tracer techniques that have been vaidated against
objective standards (Raichle, Martin et d. 1983; Mintun, Raichle et d. 1984; Martin,
Powerset d. 1987). TMRI asit is conventiondly practiced using BOLD imaging does
not offer asmilar absolute reference (Aguirre, Detre et d. 2002; Detre and Wang 2002)
and, hence, estimated changes in parameters such as oxygen consumption must be
viewed with caution until further work is done to determine thair vdidity (e.g., see (Kim,
Rostrup et a. 1999)).

Furthermore, when fMRI is employed comparisons are dways made between two
dtates closaly spaced in time because background BOLD signd, for reasons currently not

? It should be noted that with sustained increases in activity (i.e., activations) the OEF gradually returns
towardsits pre-activation levels Mintun, M. A., A. G. Vlassenko, et al. (2002).

10 Readers of our paper (Raichle, Macleod et al. 2001) will note that we observedincreases in the OEF (so-
called “ deactivations”) in areas of extrastriate visual cortex. Thisfinding had been noticed many years
beforein the earliest investigations of the OEF in humans (Lebrun-Grandie, Baron et al 1983). Interested
readers may wish to consult our paper for a more complete discussion of this finding.

1t should also be noted that the work of Shmuel and colleagues (Shmuel, Augath et al, 2006) provided us
with thefirst direct evidence that activity decreases seen with fMRI represented actual reductionsin
neuronal activity.



understood, does not remain constant. Some have concluded, therefore, that a functiona
imaging basdline cannot be defined. We gppreciate the potential for confusion

particularly when terms like control state, control condition and basdline are used
interchangeably, which occurs frequently in the imaging literature. While the term
physiologic baseline, as we have defined it (Gusnard and Raichle 2001; Raichle,
MacLeod et d. 2001), is not appropriately applied to fMRI data directly, it is clear that
the terms control state and control condition may be applied equally well to both PET and
fMRI imaging techniques. And, importantly, when low level control States such as eyes
closed rest or visud fixation are used, the results from both imaging techniques are
virtualy identical (Raichle 1998; Simpson, Ongur et d. 2000).

Intrindc Brain Activity

Having arrived & the view that the brain has a default mode of function through
our analysis of activity decreases, we began to take seriously daimsthat there was likely
much more to brain function than that revealed by momentary demands of the
environment. Two bodies of information have been especialy persuasive.

Firgt isthe cost of intringic activity which far exceeds that of evoked activity (for
areview of thisliterature see (Raichle and Mintun 2006)). It should suffice hereto
remind readers that, depending on the gpproach used, it is estimated that 60 to 80% of the
brain’s enormous energy budget is used to support communication among neurons,
functiond activity by definition. The additiona energy burden associated with
momentary demands of the environment may be aslittle as 0.5% to 1.0% of the totd
energy budget. This cost-based andysis done implies that intringc activity may be at
least asimportant as evoked activity in terms of overdl brain function.

Second is the remarkable degree of functiona organization exhibited by intrinsc
activity. For usthis organization was first reveded in the activity decreases we and
others observed in our Sudies with functiond neuroimaging (Figure 1A). More sriking,
however, have been the patterns of activity reveded in the analysis of the “noisg” inthe
fMRI BOLD signa when subjects are resting quietly in the scanner with their eyes closed
or Smply maintaining visud fixation.

A prominent feature of fMRI isthat the unaveraged sgnd is quite noisy (Figure
1B) prompting researchers to average their data to reduce this ‘noise’ and increase the
ggndsthey seek. Asit turns out, aconsderable fraction of the variance in the BOLD
sgnd in the frequency range below 0.1 Hz gppearsto reflect spontaneous fluctuating
neurona activity that exhibits striking patterns of coherence within known brain systems
(Figure 1C) even in the abosence of observable behaviors associated with those systems.
Additiondly these patterns of coherence are remarkably consstent among individud as
well as across subject groups. The vaue of studying resting state BOLD fluctuations has
been well articulated (Buckner and Vincent 2007). But what does intringic activity
represent?

One possihility isthat intringc activity Smply represents uncongtrained,
Spontaneous cognition:-our daydreams or, more technicaly, simulus-independent



thoughts (SITS (Antrobus 1968; McGuire, Paulesu et d. 1996; Mason, Norton et d.
2007)). But from a cost perspective SITS are highly unlikely to account for more energy
consumption than that dicited by responding to controlled stimuli, which accounts for a
very smdl fraction of tota brain activity (Raichle and Mintun 2006). Mogt tdling isthe
recent observation that spatially coherent, spontaneous BOLD activity is even present
under generd anesthesia (Vincent, Patel et d. 2007). Thisimportant observation
suggests that intringc activity cannot Smply be areflection of consciousn mentd

activity. Rather, it likely reflects amore fundamentd or intringc property of brain
functiona organization.

Among the possible functions of thisintringc (default) activity is fascilitation of
responses to stimuli. Neurons continuoudy receive both excitatory and inhibitory inputs.
The“baance’ of these simuli determines the responsiveness (or gain) of neuronsto
correlated inputs and, in so doing, potentially sculpts communication pathways in the
brain (Sdinas and Sginowski 2001; Laughlin and Sginowski 2003; Abbott and Chance
2005; Haider, Duque et d. 2006). Balance also manifests a alarge systemsleve. For
example, neurologists know that strokes damaging cortical centers controlling eye
movements lead to deviation of the eyes toward the side of the lesion implying the pre-
exiging presence of “badance’. Another well-known example first demongrated in the
visua system of the cat isthe * Sprague effect’ (Sprague 1966). It may be thet in the
norma brain, a balance of opposing forces enhances the precision of awide range of
processes. Thus, “baance” might be viewed as a necessary enabling, but costly, dement
of brain function.

A more expanded view isthat intringc activity ingtantiates the maintenance of
information for interpreting, responding to and even predicting environmenta demands
In this regard, a ussful conceptua framework from theoretical neuroscience posits that
the brain operates as a Bayesian inference engine designed to generate predictions about
the future (Olshausen 2003; Kersten, Mamassian et a. 2004; Knill and Pouget 2004).
Beginning with aset of "advance predictions at birth, the brain is then sculpted by
worldly experience to represent intringcaly a“best guess’ (“priors’ in Bayesan
parlance) about the environment and, in the case of humans at least, to make predictions
about the future. Thisis atheme presciently enunciated many years ago by the late
David Ingvar in his memorable essay “Memory of the Future’ (Ingvar 1985).

An important question for researchers interested in how brain ingtantiates
behavior is how to incorporate sudies of intringc brain activity into an dready busy
program of work devoted to evoked activity. Some, of course, will éect not to do so. But
aswe pointed out earlier, such alimited approach will eventudly be exhausted if not
nourished by a broader consideration and understanding of the relevant neurobiology.
What is required is an expanded framework upon which to base such aresearch agenda
Neuroscience and the behaviora sciences together must provide thet framework which is
one that we heartily endorse.

Cognitive neuroscientigts for their part will need to become more familiar with a
broad range of approachesto the study of spontaneous activity of neurons (Aridi, Sterkin
et al. 1996; Kenet, Bibitchkov et d. 2003; Leopold, Murayama et . 2003; Buzsaki and
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Draguhn 2004; Kay 2005; Foster and Wilson 2006). In this regard, descriptions of dow
fluctuations (nominaly, <0.1 Hz) in neurona membrane polarization--so-caled up and
down states--are intriguing (Petersen, Hahn et a. 2003; Hahn, Sakmann et a. 2006;
Isomura, Sirota et a. 2006; Luczak, Bartho et a. 2006). Not only does their temporal
frequency correspond to that of the spontaneous fluctuations in the fMRI BOLD sgnd,
but their functiona consequences may be relevant to an understanding of the variability

in task-evoked brain activity aswell as behaviord variagbility in human performance.
Neuroscientists for their part need to be aware of the expanded view of intringc activity
afforded by neuroimaging and the potentid to relate this not only to their own work at the
cdlular level but aso to the behavior we dl seek to understand.

Appendix:

This brief gppendix directly addresses sdlected points raised by Morcom and
Fletcher (M&F (Morcom and FHetcher 2006)) more directly than was done in the main
text. Our responses are intended to clarify certain points and to provide additiond
background that some may find useful in discussions of the default mode, the default
system, the physiologic basdine and intringc activity.

M&F: a default or intrinsic mode of functioning derives from the observation that “ a
consistent network of brain regions shows high levels of activity when no explicit task is
performed and subjects are asked simply to rest.”

A default mode of functioning was initidly inferred on the bas's of two related
observations: first, certain areas of the brain consistently decrease activity when subjects
engage in god-directed tasks as compared to smply resting quietly with the eyes closed
or visudly fixating; and, second, this network of areas was not physiologicdly ‘activated
in the resting sate. Whileinitidly attributed specificaly to a specific system, now often
cdled the default network, we now appreciate that adl parts of the brain exhibit a default
mode of functioning thet largdly reflects their ongoing intringc activity.

M&F: "The importance of this putative 'default mode' is asserted on the basis of the
substantial energy demand associated with the resting state and of the suggestion that
rest entails a finely tuned balance between metabolic demand and regionally regulated
blood supply.”

A finely tuned ba ance between metabolic demand and regiondly regulated blood
supply is not unique to the resting State or the default system. It is characterigtic of al
areas of thebrain at dl times. It isimportant to gppreciate in this regard that blood flow
isnot amply regulated in rdaion to oxygen consumption as traditionaly envisoned.
Rether, acomplex interplay between glycolys's, oxidetive phosphorylation, blood flow
and cdlular physiology (in astrocytes and neurons dike) is played out in the course of
functiond activities (Raichle and Mintun 2006).

The brain’s substantia energy demand (20% of the entire body’s) isamore

broadly important matter (Raichle 2006). Recent evidence clearly indicates that a
majority of this cost isdirectly reated to the functioning of the brain. In this regard it
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should be noted that transmitter cycling is a correlate of transmitter release and uptake,
and, hence neurona sgnaing. Transmitter cycling has computationa significance.

M&F: The case for a default mode comprisesthreerelated ideas. Thefirst isthat the
resting state constitutes an absolute baseline, and is therefore a fixed point relative to
which all cognitive and physiological states can and should be considered.

To restate, the basdline as defined in our work is a physologica referent not a
behaviord one. It is, therefore, only appropriately applied to PET and not to fMRI. On
the other hand, 'control state’ and ‘control condition’ (whichever term is preferred) can be
equaly well gpplied to PET and fMRI. We remain convinced that usng alow leve
control state in addition to other more complex ones enhances the interpretability of
functiona imaging data (e.g., condder the interpretationa complexitiesin the sudy by
Simpson and colleagues (Simpson, Drevets et d. 2001) that are discussed in greater detall
in (Gusnard and Raichle 2001)).

M&F: "The second is the notion that the level of neural activity in thisresting stateis
substantial and therefore functionally important, with changes produced by task demands
representing just the 'tip of the iceberg.”

Correct. Event-related changesin cerebra blood flow and glucose uptake are no
more than 10% of the physiologic baseline in typica cognitive paradigms. Concomitant
changesin energy utilizetion are on the order of 1% (for addition discussion see Raichle
& Mintun, 2006).

M&F: "It would follow that cognitively driven fluctuations cannot be inter preted except
in the context of the default system.”

Thisistrue of all parts of the brain because they dl exhibit ongoing intringc
activity, adefault mode if you will. Task-related responsesin any part of the nervous
system should ultimately be understood in rdation to locd intringic activity.

M&F: "We conclude that despite the interesting characteristics of rest as baselinein
terms of oxygen balance, these are not relevant to studies that seek to under stand how
neural activity underpins cognitive processing.”

Traditiona views of brain energy metabolism posited that al energy for brain
function came from the metabolism of glucose to carbon dioxide and water. The
discovery that this smple relationship is not correct (Fox, Raichle et d. 1988) not only
provided the physiologica basisfor fMRI but aso opened up new ways of thinking about
the neurd events underlying cognitive processing. Links such asthis across levels of
andysis and intellectua inquiry should be at the heart of any enterprise that hopesto
understand how brain ingtantiates behavior.

M&F: "While we accept that a high level of energy expenditure of the brain at 'rest’
indicates that the resting state is active, we do not agree that this activity has a special
status compared with that in any other task, or that the brain energy budget is
informative about the nature of the ‘ default mode.”"

Theimportant distinction is not between “rest” and “task™ but rather between
intringc and evoked activity. To define“rest” as amply atask with unspecified
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cognitive content obscures what we believe to be the important and essentid distinction
between intrinsic and evoked activity. That upwards of 90% of the brain’s functiona
activity, as measured in energy terms, is devoted to intringc and not evoked activity
inescgpably leads one to give to the study of intrinsic activity an increased leve of
attention, well above that which it has heretofore received. To do otherwiseisto
prematurely limit the level of understanding achievable in our quest to understand how
brain ingantiates behavior. Determining the contribution of intringc activity to behavior
is chalenging but, in our view, should be a mgor neuroscience objective.

M&F: "We conclude that even if there is empirical consistency in the patterns of activity
observed at rest, and a subjective appeal to the notion that when werest wearein a
default state because there is no explicit task to perform, these are insufficient grounds
for affording the resting state a privileged status in accounts of human behavior."

Again, our argument is quite Smply that the fundamentd ditinction to be made is
between intrinsic and evoked activity. Resting quietly but awake in a scanner affords one
an opportunity to view intringic activity but we would not argue that thisis the only way.
Slegp and generd anesthesia (Vincent, Patd et d. 2007) dso cometo mind. As
experimentd drategies develop distinctions between intringc and evoked during task
performance may aso become increasingly feasible in the context of functiond
neuroimaging (e.g., see (Fox, Snyder et d. 2006). But we should aways keep in mind
that thiswork cannot precede effectively in avacuum. Success will require adialogue
with other levels of andyss.

M&F: In most instances the aims of cognitive neuroscience are best served by the study
of specific task manipulations rather than “ rest.”

We would agree that the aims of cognitive neuroscience will continue to be
served by the study of specific task manipulations but not exclusvely so. To basethe
agenda on this gpproach aone misses the exciting opportunities afforded by an
integration of approaches across disciplines and levels of andyss. It dso hasthe
potentid to blind one to the real reason we have abrain which is not to reminisce about
the past nor react in the moment but, rather, to envison the future.

Figure Caption

Performance of awide variety of tasks has called attention to a group of brain areas (A)
that decrease their activity during task performance (data adapted from (Shulman, Fiez et
al. 1997)). If one records the spontaneous fMRI BOLD sgnd activity inthese aressin
the resting state (arrows, A) what emergesis aremarkable smilarity in the behaviour of
the signals between areas (B). Using these fluctuations to andyze the network asawhole
(Fox, Snyder et a. 2005; Vincent, Snyder et d. 2006) revedsaleve of functiond
organization (C) that parallels that seen in the task related activity decreases. These data
provide a dramatic demondration of the ongoing organization of the human brain likely
provides a critica context for al human behaviours. These data were adapted from our
earlier published work (Shulman, Fiez et a. 1997; Gusnard and Raichle 2001; Raichle,
MacLeod et a. 2001; Fox, Snyder et d. 2005).
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